1. Introduction {#sec1}
===============

The number of people with hearing impairment is rising mainly due to a growing global population and longer life expectancies. Understanding the exact pathophysiological consequences and mechanisms through which diverse causative factors give rise to hearing impairment in humans requires a thorough understanding of the normal function of the cochlea. Despite significant progress, more work is needed to develop novel approaches to restore hearing \[[@B1]\]. Insight into the pathologic basis of ear disease can be obtained only by postmortem studies of the cochlea and by developing credible animal models. Therefore, finite element models can serve as a powerful platform to study the structure-function relationship in normal and pathological ears and give insights into the planning of novel surgical procedures for the rehabilitation of sensorineural hearing loss.

In order to proceed with the efficient finite element modelling of the active mechanisms of the cochlea, it is essential to reconstruct an accurate three dimensional (3D) model. At the present time, the two main data sources used are histological sections and micro-CT (mCT) images. Rau et al. \[[@B2]\] provide the most comprehensive review on the use of different techniques for the 3D reconstruction of temporal bone images.

The generation and processing of high resolution computed tomography (CT) images*in vivo* allows the exposition of anatomical structures with a maximum resolution of about 0.5 mm, which is not sufficient for the presentation of the fine structures within the cochlea. Regarding the utilization of histological images in the 3D reconstruction of cochlea, different slicing preparation techniques have been used so far for the 3D reconstruction of the cochlea, including histological sections, serial unstained celloidin sections, and tissue block sections \[[@B3], [@B4]\]. The main advantage of using histology images is its superiority in visualizing soft tissue and individual cellular elements, which are not resolved by micro-CT techniques. The main disadvantage of using histology images is the distorted reconstructions due to the anisotropicity of the acquired images, as well as fixation and staining artifacts. Newer preparation techniques have overcome many of these limitations resulting in more accurate 3D reconstruction by applying feature-based autoregistration algorithms \[[@B2]\].

Shibata and Nagano \[[@B7]\] and later Vogel \[[@B8]\] had a first attempt in middle and inner ear reconstruction using mCT but did not include visualization of the membranous labyrinth, since it was not resolved. The cochlear partition was also not reconstructed as a separate object for further calculations in both cases. Poznyakovskiy et al. managed to visualize the soft tissues in the cochlea of a guinea pig, using mCT, by further staining the specimen with osmium tetroxide (OsO~4~) \[[@B9]\]. They presented a reconstruction of the scala media, but the cochlear partition and the basilar membrane (BM) could not be distinguished and reconstructed. However, Poznyakovskiy et al., recently, presented an algorithm for cochlea segmentation \[[@B10]\], which resulted in the reconstruction of scala tympani. In another approach Shibata et al. tried to visualize the soft tissues in human fetal cochleae using mCT and could show Reissner\'s membrane and the spiral ganglion \[[@B11]\]. Furthermore, a mCT study was conducted to demonstrate the elevation of the cochlear lumen \[[@B12]\], where a part of the scala tympani and the scala vestibuli was segmented and represented \[[@B13]\].

Coregistration of micro-CT and histological images may be a way forward, as it will be able to combine advantages from both modalities. Attempts of coregistration have already been published for other anatomical regions \[[@B5], [@B6]\].

2. Materials and Methods {#sec2}
========================

2.1. Histological Images/Micro-CT Scans {#sec2.1}
---------------------------------------

Twenty-six slices of high quality histological images were provided by the University College London Ear Institute (UCL EI).

The mCT images that were used (1452 frames in DICOM format) in the reconstruction were provided by the Department of Otolaryngology of the Technical University of Munich (TUM-Med). The mCT scans were made with a pixel size of 12 mm on the charge-coupled device (CCD) area detector using a cone-beam technology with a 5 mm focal spot X-ray tube (voltage 70 kV, target current 200 mA). The geometrical magnification was 2.034 and thus a spatial resolution of 5.9 mm was obtained. For the reconstruction of 3D geometrical objects the slice thickness was also 5.9 mm and the overall isotropic resolution was 5.9 mm. To minimize noise effects, a long integration time of 4 s was chosen, which yielded a scan time of 36 h for the specimen. The resulting projected data were reconstructed and images with 3400 × 3400 pixels/slice were created. The 3590 slices/specimen produced a large amount of data, that is, 60 Gbyte.

2.2. Annotation of Histological Images/mCT Images {#sec2.2}
-------------------------------------------------

Annotation is the generation of regions connected with regard to content by integration according to special criteria describing homogeneity. It is a precondition for surface generation and quantitative determination of volumes. In medical applications, annotation is often performed manually with clinical experts outlining structure contours image by image using pointing devices. This process is time-consuming, and the results often suffer from intra- or interobserver variability. Such limitations are addressed by computerized tools, which, by performing (semi)automatic annotation of medical images, limit user interference and reduce the computational cost. The main challenge in the development of annotation tools is the achievement of sufficient robustness over image variability due to differences in morphology (healthy and impaired anatomic structures) and/or image artefacts (indistinct or disconnected boundaries).

Points of different structures are annotated manually and corresponding curves are extracted, as depicted in [Figure 1](#fig1){ref-type="fig"}. The annotation of the images includes scala vestibuli, scala tympani, scala media, basilar membrane (BM), osseous spiral lamina, organ of Corti, Reissner\'s membrane, tectorial membrane, inner and outer hair cells, stria vascularis, tunnel of Corti, inner and outer pillar cells, and the subtectorial space.

2.3. 3D Segmentation Methodology {#sec2.3}
--------------------------------

Segmentation deals with locating and delineating the boundaries of different (sub)structures of interest and is an essential step towards building 3D models from medical images. Although the segmentation is generally effortless and swift for the human visual system, it can become a highly complex process and considerable challenge for algorithm development. The purpose of 3D segmentation, which is presented in this paper, is the cochlea geometry reconstruction from sets of two dimensional (2D) images corresponding to successive cross-sectional slices of the cochlea. The reconstructed geometry will be used as an input for simulations to generate the mesh and solve the FE problem.

A hierarchical segmentation approach is followed, developing a hybrid segmentation algorithm, whose steps are presented in [Figure 2](#fig2){ref-type="fig"}, consisting of the following.*Histological Image Preprocessing.* Large-size structures are first identified and details on smaller structures are gradually obtained, while image enhancement and contrast enhancement filters are applied. At each scale, the image is cropped after segmentation and limited to the relevant structures in an attempt to reduce the computational cost and minimize the possibility to detect unwanted structures at subsequent scales.*Level Set Segmentation.* Due to variations in features among the structures of interest, different segmentation methodologies \[[@B15]\] can be used, such as the Hough transform, which is used to detect large structures with distinct boundaries, while deformable models which combine constraints derived from the image data with a priori knowledge about the location, size, and shape of structures are used for structures with less distinct boundaries.*Surface Extraction.* The 2D structures identified in the histological images need to be projected on the 3D model derived from the mCT images.

Image segmentation as described above is repeated for the whole set of images. Subsequently, the segmented images are registered through the application of a least-square fitting algorithm, which aims at the minimization of the total volume, to the detected structures. At this point, the distance between successive slices must be known.

3. Results {#sec3}
==========

The final reconstructed model exploits the advantages of the histological images (i.e., high quality) as well as the advantages of the mCT images (many frames that provide an accurate 3D overview of the coiled cochlea) by projecting the 2D structures identified in the histological images on the 3D model derived from the mCT images. This projection process includes the following two steps.A centerline is extracted of the tubular structure containing the three main scalas.Structures are projected in estimated centerline creating 3D surfaces.

For the extraction of the centerline we used samples from the two main scalas. The samples from the two scalas create a cloud point ([Figure 3](#fig3){ref-type="fig"}).

Then the method of \[[@B16]\] is used for estimating the centerline of the cloud point. The fitting method, presented in \[[@B16]\], takes as input an original Gaussian mixture model and given a new sample dataset (derived cloud point) estimates the new means and the transformation of the model using global and local (per mixture) affine transformations. Using this method the geometry of the initial model is maintained in the final model. As an initial model, mirrored spherical Gaussian distributions corresponding to the two scalas are placed across a helix centerline ([Figure 4](#fig4){ref-type="fig"}). The final model gives a set of points corresponding to the centerlines of the two scalae as depicted in [Figure 5](#fig5){ref-type="fig"}. The average of the two centerlines gives the centerline of cochlea.

The structures annotated in the histological images need to be projected on the estimated centerline. Given the control points corresponding to a b-spline interpolation is performed on the centerline and*N* equal distant points are extracted. Furthermore, areas of three different regions on both mCT and histological images were calculated. Scaling was estimated across centerline from maximum to minimum scale using linear interpolation ([Figure 6](#fig6){ref-type="fig"}).

Given a centerline point, the*K* points (*x*,*y*) of each 2D structure are projected on the 3D space using the specific point as point of reference, the derivative of the centerline as normal vector, and the scaling estimated previously. Repeating this projection for every a 3D curve (*x*,*y*, and*z*) is created, as depicted in [Figure 7](#fig7){ref-type="fig"}.

Finally the 3D curves are merged in a surface corresponding to each structure.

The results of the hierarchical segmentation and the developed hybrid segmentation algorithm are depicted in [Figure 8](#fig8){ref-type="fig"}, while [Figure 9](#fig9){ref-type="fig"} presents a slice in the 3D model depicting the cochlear partition (vibrating part) ([Figure 9(a)](#fig9){ref-type="fig"}) and the osseous spiral lamina (nonvibrating part) ([Figure 9(b)](#fig9){ref-type="fig"}).

4. Discussion {#sec4}
=============

The presented 3D reconstruction study of the cochlea from registration of mCT and histological images provides an anatomical model of the human cochlea, including several parts that are not visible on mCT (scala media, spiral ligament, and organ of Corti) enhancing the accuracy of the 3D model and going a step further towards the efficient studying of a micromechanical model.

The presented reconstruction methodology exploits the advantages of the mCT and histological images and through the registration process eliminates their drawbacks at the segmentation process. The mCT images offer a superior *z*-axis resolution but fail to resolve important soft tissue structures and individual microarchitectural elements (i.e., spiral ligament and organ of corti). On the other hand, histology images are able to resolve in more detail individual cellular structures, but reconstruction is inferior, as only a limited number of images are used. Histological preparations may also suffer from extreme deformations, tears, and destructions.

As a future step in the analysis, instead of using a linear scaling, the structures will be fitted to mCT slices perpendicular to centerline. Also, in the presented work, cochlea structures curves were extracted from a unique histological slice. As a step forward, there will be used curves extracted from different slices on different sites on the centerline and an interpolation between those curves will be performed in order to produce a more accurate reconstruction.

5. Conclusions {#sec5}
==============

This new reliable 3D cochlear model demonstrates the basis for further numerical simulations using mathematical procedures, such as the finite element or finite volume method. The development of accurate geometric 3D FE cochlear models will provide a unique opportunity to simulate both normal physiology and cochlear pathology and correlate it to histopathological findings in a wide variety of ear diseases. Additionally it may be used in innovation of novel therapeutic approaches in managing sensorineural hearing loss. These calculations remain the most promising approaches to understand physiological processes and their pathology, which cannot be investigated completely with existing measuring techniques. Although there are studies in the literature that have reconstructed pathological cochleae from CT, MRI, or histological data \[[@B5]\], there are no geometric FE reconstructions of the pathological cochlea for FE modeling purposes.

To this end, the SIFEM project \[[@B17]\] could eventually assist the management of hearing loss. Perhaps one of the most promising and useful aspects of using FEM is the planning of surgical procedures and their predicted effects by employing what-if scenarios. Such scenarios may help in both innovation of surgical techniques and the better design of auditory implants.
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![One annotated slice of the histological image provided by UCL-EI.](BMRI2014-485783.001){#fig1}

![Information flow presenting the main steps of the developed 3D segmentation algorithm.](BMRI2014-485783.002){#fig2}
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![The initial model used for centerline estimation.](BMRI2014-485783.004){#fig4}

![The fitting result. The blue lines connect both the centers of the Gaussian distributions between consecutive mixtures corresponding to the same scala as well as the centers of the mirrored Gaussian distributions corresponding to the two main scalas.](BMRI2014-485783.005){#fig5}

![Mapping of a slice of a histological image to a frame of a mCT image.](BMRI2014-485783.006){#fig6}

![The projection of 2D structures on centerline plane.](BMRI2014-485783.007){#fig7}

![The reconstructed 3D model of the coiled cochlea.](BMRI2014-485783.008){#fig8}

![The cochlear partition (a) and the osseous spiral lamina (b).](BMRI2014-485783.009){#fig9}
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